INTRODUCTION
============

Ginseng (*Panax ginseng* Meyer) is a perennial herbaceous plant, and its roots have been used as herbal medicines for thousands of years [@B001]. Ginseng has well-known pharmacological activities, such as anti-cancer, anti-aging, anti-diabetic, anti-stress, and neuroprotective effects [@B002]-[@B007]. Ginseng extracts contain various compounds, such as ginsenosides, polysaccharides, flavonoids, peptides, polyacetylene alcohols, and fatty acids [@B007]. Among these compounds, ginsenosides are considered the most important bioactive ingredients with respect to the pharmacological activities of ginseng. The production of marketable ginseng is very difficult due to its long cultivation (4 to 6 yr) and susceptibility to diseases [@B008],[@B009]. Recently, there have been several attempts to produce ginsenosides *in vitro*, but the productivity has been low [@B010]-[@B012].

Ginsenosides are triterpenoids that are synthesized through the isoprenoid pathway and consist of a nonsugar component (aglycone) and a sugar component (glycone) of 1-4 molecules such as D-glucose, L-arabinopyranoside, L-arabinofuranoside, D-xylose, and L-rhamnose [@B013]. Sequential cyclization, hydroxylation and glycosylation generate various ginsenosides from 2,3-oxidosqualene [@B014]. Oxidosqualene cyclases are located at the branching point in the biosynthesis of phytosterols and triterpenoids. Although the downstream pathway of cyclization is still unclear, enzymes such as cytochrome P450s and UDP-glycosyltransferases may be involved in the conversion of damarenediol-II or β-amyrin into various ginsenosides ([Fig. 1](#F001){ref-type="fig"}) [@B014].

![Triterpene biosynthetic pathway in ginseng. FPS, farnesyl diphosphate synthase; SQS, squalene synthase; SQE, squalene epoxidase; CAS, cycloartenol synthase; AS, β-amyrin synthase; DS, dammarenediol-II synthase.](grosbr-36-198-g001){#F001}

Currently, more than 40 ginsenosides have been isolated from white and red ginseng [@B014],[@B015]. Ginsenosides belong to the triterpene saponin family and were designated by Rx (x=0, a, b, c, d, e, f, 20-gluco-f, g, h, etc.) based on the value of the retention factor of spots on TLC plates from the bottom to the top [@B016]. Ginsenosides can be classified into two types based on the structures of aglycones: 1) dammarane-type ginsenosides, which include Rb, Rc, Rd, Re, Rf, and Rg, and 2) oleanane-type ginsenosides, of which there is only one known, Ro [@B017]. Dammarane-type ginsenosides are further classified into protopanaxadiol (Rb, Rc, and Rd) and protopanaxatriol (Re, Rf, and Rg) ginsenosides according to the positions of the sugar rings at carbons -3, -6, and -20 [@B017]. The major ginsenosides (Rb~1~, Rb~2~, Rc, Rd, Re, and Rg~1~) account for more than 80% of the total ginsenoside content in a raw ginseng root, and the minor ginsenosides (F~1~, F~2~, Rg~3~, Rh~1~, Rh~2~, compound Y, Mc, and K) can be produced by hydrolyzing the sugar molecules of the major ginsenosides [@B018]. The minor ginsenosides are pharmaceutically more active due to their easy absorption into the blood stream [@B019]. There are several methods by which major ginsenosides can be transformed into minor ginsenosides, such as acid hydrolysis, heating, microbial transformation, and enzymatic transformation [@B013].

In plants, the synthesis of secondary metabolites (alkaloids, terpenoids, flavonoids, phenolic compounds, and phytoalexins) usually fluctuates in response to various stresses [@B020]. Because ginsenosides are secondary metabolites, the accumulation of these compounds is controlled by the treatment of elicitors such as methyl jasmonate (MJ) and salicylic acid (SA) [@B010]. The total ginsenoside content increases about fourfold following treatment with MJ and SA in suspension cultures of ginseng roots in bioreactors. MJ and SA are key signaling compounds involved in the elicitation process, which leads to the accumulation of secondary metabolites [@B021]. Oligogalacturonic acid also induces the synthesis of ginsenosides in ginseng root cells [@B022]. Irradiation is also an important factor for the accumulation of secondary metabolites. For example, irradiation has been shown to induce the accumulation of anthocyanin pigments in many plants [@B023],[@B024]. Induction of the synthesis of betalain pigments was also reported in the hairy roots of red beets in response to treatment with blue plus far red light [@B025]. Recent advances in the semiconductor field have made it possible to produce light-emitting diodes (LEDs) with high-fluence-rate light at specific wavelengths. Therefore, LEDs have many advantages over colored filters used in conjunction with standard bulbs, including the following: 1) the ease of controlling the output with simple electronics, 2) the precision of the emission spectra, which have narrow band widths, 3) the low energy requirements, and 4) the lack of heat generation.

Because ginsenosides are the major active components of ginseng roots, increased ginsenoside contents can increase the market value of ginseng roots. This study was conducted to investigate the effect of the specific emission spectra from various LED light sources on ginsenoside production in raw ginseng roots.

MATERIALS AND METHODS
=====================

Ginseng root materials and treatment of ginseng roots with light-emitting diode light
-------------------------------------------------------------------------------------

Fresh and healthy-looking raw ginseng roots (3 years old) were purchased from E-mart (Gyeongsan, Korea), which were stored at 4℃ after harvesting from Ganghwa, Korea for less than 1 mo. Three ginseng roots were put into a plastic zipper bag, which was then placed in one of the closed LED boxes (24×50×60 cm, width×height×depth) at 25℃. A PGL-E06-6W device (6 watt) was used for the LED light source, which was manufactured by PARUSkorea Inc. (Yeongam, Korea). Five LED chips were included in each device. Each LED box was separated by a black acryl panel and equipped with two LED light devices with different emission wavelengths, such as 380, 450, 470, and 660 nm. The top of the LED frame was placed at 50 cm below the top of the root samples. For the control treatment, the roots were stored at 4℃ in the dark at 25℃ for 7 d.

HPLC analysis of ginsenoside composition
----------------------------------------

The extraction and determination of the ginsenoside concentrations were performed according to a previously established method [@B026]. Ginsenosides were analyzed using HPLC with a Capcell Pak C~18~ MG (4.6×250 mm) column (Shiseido Inc., Tokyo, Japan). The HPLC analysis conditions were as follows: gradient elution, with the eluents being 0-10 min, 18%-18% acetonitrile; 10-24 min, 18%-19%; 24-35 min, 19%-25%; 35-54 min, 25%- 25%; 54-71 min, 25%-38%; 71-100 min, 38%-100%; and 100-105 min, 100%-100%. Ginsenoside standards (Rb~1~, Rb~2~, Rc, Rd, Re, Rf, Rg~1~, and Rg~2~) were purchased from ChromaDex Inc. (Irvine, CA, USA). Experiments were conducted in triplicate, and the results were expressed as the mean values.

Statistical analyses were performed using SASS (SASS Inc., Cary, NC, USA). Data were expressed as the means with standard errors. The statistical significance of the differences between the mean values was assessed at the 5% level using Duncan's multiple range test.

RESULTS AND DISCUSSION
======================

The ginsenoside contents of the ginseng roots were evaluated after exposure of raw ginseng roots to LED light for 7 d. Compared with the untreated (4℃) ginseng roots, roots exposed to various emission wavelengths LED light sources had total ginsenoside concentrations that were 2% to 74% higher ([Table 1](#T001){ref-type="table"}).

###### 

The changes in ginsenoside content in ginseng root following light-emitting diodes treatment compared to untreated (4℃) ginseng roots

  ----------- --------------------------- ------------ -----------------
  Treatment   Ginsenoside(mg/100 mg DW)   Changes(%)   PPD/PPT
                                                       
  4℃          2.348±0.303^c^              0.0          0.778±0.085^b^
  Dark        2.200±0.251^c^              -6.3         0.852±0.037^b^
  380 nm      2.480±0.549^bc^             +5.6         1.057±0.140^ab^
  450 nm      3.871±0.133^ab^             +64.9        1.448±0.098^a^
  470 nm      4.087±0.477^a^              +74.1        1.142±0.081^ab^
  660 nm      2.395±0.115^bc^             +2.0         0.836±0.098^b^
  ----------- --------------------------- ------------ -----------------

Values are presented as mean±SE of 3 replications. Different letters within a column are significantly different at a 5% level by Duncan's multiple range test.

DW, dry weight; PPD, protopanaxadiol (Rb~1~, Rb~2~, Rc, and Rd); PPT, protopanaxatriol (Rg~1~, Rg~2~, Re, and Rf).

Although the other treatments (dark, 380 and 660 nm) did not significantly affect the ginsenoside concentrations, the exposure to both 450 and 470 nm light significantly increased the concentrations of ginsenosides (*p*\<0.05) by 64.9% and 74.1%, respectively. These two treatments significantly increased the levels of Rb~2~ and Rc (*p*\<0.05) by more than 100%, and the level of Rg~1~ significantly increased in response to exposure to 470 nm light (116%) ([Fig. 2](#F002){ref-type="fig"}).

![Comparison of ginsenoside contents. Ginsenoside contents of ginseng roots were compared after treatments with 4℃ and dark as well as light-emitting diodes with 4 different light emission spectra (380, 450, 470, and 670 nm) at 25℃ for 7 d. The content of individual ginsenosides changed after treatments. Values are presented as mean±SE of 3 replications. Significant differences at a 5% level among groups are indicated by different letters above each bar. NS, not significant; DW, dry weight.](grosbr-36-198-g002){#F002}

The concentrations of Rb~2~ and Rc were moderately increased in response to 380 nm emission spectrum (57%). The ratio of protopanaxadiol (PPD)-type ginsenosides (Rb~1~, Rb~2~, Rc, and Rd) to protopanaxatriol (PPT)-type ginsenosides (Rg~1~, Rg~2~, Re, and Rf) was also changed by the LED light treatment. Exposure to three emission wavelengths (380, 450, and 470 nm) significantly increased the PPD/PPT ratio (*p*\<0.05), resulting in ratios that were higher than 1.0, whereas the three other treatments (4℃, darkness, 660 nm) resulted in ratios less than 1.0 ([Table 1](#T001){ref-type="table"}). The identity of each peak was confirmed by comparison of retention times and HPLC spectra of each peak with those of the 8 major ginsenosides ([Fig. 3](#F003){ref-type="fig"}).

![HPLC chromatograms of ginseng root extracts. Control raw ginseng roots were incubated at 4℃ (A) for 7 d. Raw ginseng roots were treated in the dark (B), 380 nm (C), 450 nm (D), 470 nm (E), and 670 nm (F) for 7 d at 25℃.](grosbr-36-198-g003){#F003}

The production of various secondary metabolites including ginsenosides is usually associated with defense responses to stresses [@B020]. In many studies, the ginsenoside contents were significantly increased by treatment with elicitors such as MJ, SA, oligogalacturonic acid, ethephon, and organic germanium [@B022],[@B027]-[@B030]. Elicitor treatments may activate key regulatory enzymes in the isoprenoid pathway (e.g., squalene synthase), resulting in the induction of ginsenoside synthesis. Elicitor treatments usually induce the accumulation of reactive oxygen species (ROS) such as H~2~O~2~ and O~2~ ^-^, which may increase the activity of defense genes, resulting in the accumulation of ginsenosides [@B027],[@B031],[@B032]. Various stresses, including treatment with MJ and SA, may damage plant cell membranes as the result of the generation of ROS. ROS cause the peroxidation of membrane lipids, which leads to plant membrane damage [@B027],[@B033]. The induction of the synthesis of terpenoid compound taxoids (10-DAB III and paclitaxel) was observed in excised twigs from a yew tree (*Taxus baccata*) in response to irradiation with ultraviolet (UV-A and UV-C) light [@B034]. The level of paclitaxel synthesis was twofold higher in response to UV-C than in response to UV-A treatment. The synthesis of the sesquiterpene lactone parthenolide in feverfew (*Tanacetum parthenium*) was also increased by approximately threefold in response to UV (UV-A + UV-B) irradiation [@B035]. The induction of secondary metabolite production in response to light, including UV light, could be due to a general stress response to protect the plant and/or to a sun-screening effect to protect the plant from radiation. For example, it is well known that flavonoids function as sunscreens and protectants against ROS that are induced by light. Melatonin accumulated in *Glycyrrhiza* roots when the shoot was treated with UV light; this melatonin accumulation represents a general stress response. However, it is not clear whether the mechanism by which light from LEDs induces ginsenosides in ginseng roots is the same as that for other treatments. Further study is required to determine the induction mechanism.

Light has subsequent effects on the participants in complex signal transduction, such as enzymes, metabolites and messengers. Therefore, light could be used as a tool to control the nutritional quality of medicinal plants such as ginseng. However, it is difficult to obtain positive effects because different metabolic pathways react differently to light. In this study, we observed the accumulation of ginsenosides in raw ginseng roots in response to 450 and 470 nm light from LEDs. This report is the first to describe the increase in the concentrations of ginsenosides in response to light from LEDs. Typically, raw ginseng root is processed into white ginseng by an air-drying method and into red ginseng by steaming at 100℃ to enhance the shelf life and efficacy [@B036]. During the steaming process, the concentrations of pharmacologically effective components (e.g., Rg~3~ and Rh~2~) increase and the total amount of ginsenosides decreases as the result of non-enzymatic reactions [@B037]-[@B039]. Therefore, LED light treatment before the processing required to produce red ginseng would compensate for the decrease in the total amount of ginsenosides that occurs during the steaming process; Thus, exposure to LED light may allow the production of red ginseng with higher overall levels of pharmacological components and thus a greater commercial value. Further research is needed to elucidate the mechanism by which LED light affects ginsenoside accumulation.
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